The fatty acid compositions of yolk lipids of eggs collected in the wild from ®ve species of ducks (Anatidae) showing a range of dietary preferences, the king eider Somateria spectabilis, the lesser scaup Aythya af®nis, the mallard Anas platyrhynchos, the green-winged teal Anas crecca and the gadwall Anas streperi, are reported. For all ®ve species, the fatty acid pro®les conformed to a similar pattern, characterized by relatively balanced proportions (w/w) of arachidonic (6.7±9.1%) and docosahexaenoic (5.9±7.0%) acids in yolk phospholipid. This contrasts markedly with the yolk phospholipid of current commercially-reared ducks where the proportion of arachidonic acid can be 10 times greater than that of docosahexaenoic acid. It was most notable that the similarities in yolk fatty acid pro®les among the different species of wild ducks were achieved despite the considerable interspecies variation in dietary modes. It seems that, in this instance, genetic factors deriving from a common phylogeny may be more important than dietary differences in determining the fatty acid composition of yolk.
INTRODUCTION
Polyunsaturated fatty acids, as components of membrane phospholipids, perform crucial roles in the development of the avian embryo (Speake, Murray & Noble, 1998) . Particular signi®cance has been assigned to two long-chain polyunsaturates, arachidonic (20:4n-6; ARA) and docosahexaenoic (22:6n-3; DHA) acids, which are functionally important members respectively of the n-6 and n-3 families of unsaturated fatty acids. High proportions of DHA are characteristically attained in the membrane phospholipid of the embryonic brain and retina, possibly to impart biophysical properties appropriate to the development and function of the neurones and photoreceptor cells (Neuringer, Anderson & Connor, 1988; Innis, 1991) . ARA is also a signi®cant component of brain phospholipid, but especially high proportions of this fatty acid are achieved in the lipids of the liver and heart of the avian embryo (Speake, Murray et al., 1998) . The main roles of ARA in the embryo are most probably in intercellular signalling and eicosanoid synthesis (Speake, Murray et al., 1998) . As a result of these essential functions, and also because of competition between DHA and ARA for incorporation into the phospholipid of various tissues (Anderson et al., 1989) , it is deemed that the avian embryo should ideally be provisioned with these two polyunsaturates in adequate amounts and in balanced proportion (Speake, Murray et al., 1998) .
All the fatty acids used by the avian embryo are derived from the lipids of the yolk which, in turn, are originally assembled in the maternal liver (Speake, Murray et al., 1998) . Since birds are unable to synthesize polyunsaturates from saturated or monounsaturated fatty acids, and also lack the capacity for interconversions between the n-6 and n-3 families, the female parent is dependent on dietary polyunsaturates to achieve the requisite yolk fatty acid pro®le. ARA and DHA can be obtained directly from the diet or can be synthesized in the maternal liver by the desaturation and elongation of linoleic (18:2n-6) and a-linolenic (18:3n-3) acids, respectively (Watkins & Kratzer, 1987) . The polyunsaturate pro®le of the yolk can be greatly affected by the fatty acid composition of the hen's diet (Anderson et al., 1989; Cherian & Sim, 1992a,b) but is also dependent on metabolic factors which differ between species; thus, female birds of different species may produce eggs with very diverse fatty acid pro®les, even when provided with identical diets Surai, Speake, Noble et al., 1999) . Although the embryo is able to convert some of the yolk-derived 18:2n-6 and 18:3n-3 to ARA and DHA, respectively (Noble & Cocchi, 1990; Cherian & Sim, 1992a) , it seems that the C 20±22 polyunsaturate pro®le of the embryonic tissues is most effectively determined by the levels of pre-formed ARA and DHA in the yolk lipids (Lin, Connor & Anderson, 1991) .
The data that are currently available suggest that the diversity of avian trophic modes is at least partly responsible for the dramatic interspecies variation in yolk polyunsaturate pro®les. For example, 18:2n-6 is usually the characteristic polyunsaturate of the yolks of granivorous birds whereas 18:3n-3 often predominates in eggs of herbivorous species . Moreover, carnivorous birds tend to produce eggs which are rich in ARA whereas the yolk lipids of piscivorous species typically display high proportions of DHA (Speake, Decrock et al., 1999; Decrock et al., 2001 ). These differences are largely the result of preponderance of the relevant polyunsaturate in the particular diets. It is, however, evident that the fatty acid composition of the yolk is not simply a passive re¯ection of that of the diet. Clearly, genetic differences between species can impose a high degree of selectivity to the ef®ciency with which particular dietary fatty acids are incorporated into the yolk lipids. For example, the yolk lipids of piscivorous birds can contain substantial proportions of ARA, even though only trace levels of this polyunsaturate and its biosynthetic precursor, 18:2n-6, may be present in the maternal diet (Decrock et al., 2001; .
The present study aims to assess the importance of dietary variations against a background of a common phylogeny in determining the yolk fatty acid pro®les of ®ve representatives of the Anatidae using eggs collected in the wild.
MATERIALS AND METHODS
Eggs of the king eider Somateria spectabilis (n = 8) were collected at Karrak Lake, Nunavut, Canada (67814'N, 100814'W). Eggs of the lesser scaup Aythya af®nis (n = 5), the mallard Anas platyrhynchos (n = 3), the green-winged teal Anas crecca (n = 3) and the gadwall Anas streperi (n = 3) were collected from the St Denis National Wildlife Area in south central Saskatchewan, Canada (52813'N, 106804'W) ; the relevant features of this area have been described by Sugden & Beyersbergen (1985) . All eggs were collected from separate clutches under federal permit and originated from abandoned or depredated nests. Yolks were separated and immediately frozen at ±20 8C until analysis.
Total lipid was extracted from the yolks after homogenization in a suitable excess of chloroformmethanol (2:1, v/v) with subsequent washing of the organic phase with 0.88% (w/w) KCl. The triacylglycerol, phospholipid, cholesteryl ester, free fatty acid and free cholesterol fractions were isolated from the total lipid by thin-layer chromatography on silica gel G using a solvent system of hexane-diethyl etherformic acid (80:20:1, by vol); visualization of the bands, elution of the lipid classes from the silica and transmethylation to form fatty acid methyl esters were performed as described previously . The fatty acid methyl esters derived from the lipid classes were analysed by gas-liquid chromatography using a capillary column (Carbowax, 30 m 6 0.25 mm, ®lm thickness 0.25 mm; Alltech, Carnforth, U.K.) in a CP9001 instrument (Chrompack, Middleburg, The Netherlands) connected to an EZ Chrom Data System (Scienti®c Software, San Ramon, CA, U.S.A). Following injection of the sample, the column temperature was maintained at 185 8C for 2 min, then increased at a rate of 5 8C min ±1 to a temperature of 230 8C, and maintained at 230 8C for a further 24 min. The fatty acid compositions (% w/w) were derived by integrating the peaks using the EZ Chrom system. The total mass of fatty acid methyl ester derived from each lipid class was calculated by reference to a pentadecaenoic acid (15:0) standard which was added before transmethylation. The mass of each lipid class in the extract was calculated from the derived mass of fatty acid methyl esters, their mean molecular weight, and the fatty acyl contribution to the molecular weight of the lipid class.
For interspecies comparisons, data expressed as percentages were arcsin tranformed and analysed by 1-way ANOVA with post hoc Bonferroni tests.
RESULTS
Total lipid formed 33±37% (w/w) of the wet yolks of the ®ve species (Table 1) . However, the yolks of the mallard and teal displayed signi®cantly greater proportions of triacylglycerol compared with the other three species of duck; the mallard eggs also contained commensurately less phospholipid. Cholesteryl ester was a very minor lipid (1.3±2.4% of total lipid) and free cholesterol formed 2.5±4.3% (w/w) of yolk lipid. The level of free fatty acid (1.6±2.8% of total lipid) was similar to that in fresh eggs of the chicken Gallus domesticus (Speake, Murray et al., 1998) , indicating that very little breakdown of complex lipids had occurred during transport and storage.
The fatty acid pro®les of yolk triacylglycerol were generally similar for the ®ve species although there were some signi®cant differences in detail (Table 2) . For all species, the major fatty acids were the monounsaturated oleic acid (18:1n-9) and the saturated palmitic acid (16:0) which respectively formed 29±45% and 23±27% (w/w) of the total; the main polyunsaturate was 18:2n-6 (4±13%) followed by 18:3n-3 (3±6%). C 20±22 polyunsaturates were minor constituents of triacylglycerol, the highest proportions being found in the eider eggs where 20:5n-3, 22:5n-3 and 22:6n-3 were each present at c. 1%. A notable feature of the duck eggs was the presence of relatively high levels of palmitoleic acid (16:1n-7) which formed 11±14% of triacylglycerol fatty acids in four of these species, the exception being the mallard where the level of this monounsaturate was only 5%.
Overall, the pattern of fatty acids in yolk phospholipid was similar across these ®ve species of duck, although some differences in detail were observed (Table 3) . Features common to all species were the proportions of the major fatty acids, 16:0 (29±32%), 18:1n-9 (22±28%) and 18:0 (9±12%); relatively high and balanced proportions of ARA (7±9%) and DHA (6±7%); the presence of 20:5n-3 (c. 2%) and 22:5n-3 (1±2%); a moderate contribution from 18:2n-6 (3±7%) but low levels of 18:3n-3 (0.3±0.6%).
The greatest interspecies variability in fatty acid composition was displayed by the cholesteryl ester fraction of the yolks (Table 4) . For example, 18:1n-9 was by far the major fatty acid of this fraction in eggs of the eider and mallard where it formed 42% of the total, but was present at only 28% in eggs of the other three species. The yolk cholesteryl ester of the scaup and teal were respectively characterized by high (> 20%) levels of 16:0 and 18:0, whereas 18:2n-6 ranged from 5% in the scaup to > 12% in eggs of the mallard and gadwall. The C 20±22 polyunsaturates each made relatively little contribution (0±4%) to the composition of cholesteryl ester in the various duck eggs.
DISCUSSION
The central ®nding of this study is that the fatty acid pro®les of the yolk lipids of ®ve species of duck conform to a common pattern, the salient features being: (1) relatively high and balanced proportions of ARA and DHA in phospholipid; (2) the additional presence in the phospholipid of smaller amounts of 20:5n-3 and 22:5n-3; (3) moderate levels of 18:2n-6 and 18:3n-3 in triacylglycerol; (4) a high proportion of 16:1n-7 in the yolk triacylglycerol in four of the ®ve species. Although any generalization is constrained by the limited number of species, and the small sample size in three of these, it is feasible that this distinct pattern of yolk fatty acids may represent a characteristic`signature' of the Anatidae. Thus, duck eggs seem to share a common fatty acid pro®le, not just on the basis of the similarities among the ®ve examples shown here, but also because this pattern of polyunsaturates differs markedly from those displayed by the yolk lipids of other types of wild birds including ostrich Struthio camelus, lesser blackbacked gull Larus fuscus, Canada goose Branta canadensis, emperor penguins Aptenodytes forsteri, king penguins A. patagonicus and kestrel Falco sparverius Speake, McCartney et al., 1996; Speake, Decrock et al., 1999; Given the variety of feeding habits among the ®ve species of duck, it is surprising that the fatty acid pro®les of the eggs are so similar. According to Batt et al. (1992) and local information (R. G. Clark, pers. comm.), the mallards of this study eat aquatic invertebrates, especially snails and chironomid¯ies. Aquatic invertebrates are probably also the main dietary items of the green-winged teal. Although gadwall consume aquatic invertebrates they are also partly herbivorous, eating ®lamentous green algae, leaves and stalks of emergent vegetation. The diet of the lesser scaup consists of snails, amphipods and freshwater shrimps. In contrast to these four species, which breed on the prairies, the king eider is an Arctic bird with a very different nutritional strategy. The king eider accumulates tissue stores of lipid and protein during the winter months by feeding at sea on amphipods and mussels and subsequently mobilizes these reserves for vitellogenesis while nesting at inland lakes (R. Alisauskas, pers. comm.). The exact fatty acid pro®les of the diets of the ®ve species in the wild are not available but some predictions can be offered. Whereas 18:2n-6 and/or 18:3n-3 are usually the main polyunsaturates of terrestrial insects, many aquatic insects and other aquatic arthropods contain signi®cant amounts of ARA and 20:5n-3 (Stanley-Samuelson & Dadd, 1983; StanleySamuelson et al., 1988; Cartland-Shaw et al., 1998) . Snails also provide a mixture of C 18 , C 20 and C 22 polyunsaturates of both the n-6 and n-3 series (Zhu et al., 1994) . The aquatic plants eaten by the gadwall will provide 18:3n-3 as the main polyunsaturate (Thompson, 1996) whereas the marine-based diet of the king eider would be expected to be especially rich in C 20-22 n-3 fatty acids (Simopoulos, Kifer & Martin, 1986) .
It is particularly noteworthy that the king eider, which differs greatly from the other ducks in terms of diet, habitat and breeding strategy, nevertheless produces yolk lipids that conform to the common fatty acid pro®le. These compositional similarities may to some extent transcend phylogenetic differences within the Anatidae since the dataset includes three species from the genus Anas plus representatives of two other genera. A complicating factor, particularly in the mallard, is that the diet of the wild birds may not be completely`natural' because of the transformation of the prairies for agricultural use and the consequent availability of grain. The mallard is known to eat some waste grain (mainly barley and wheat) during the early fF uF pekeD F pF uri nd qF F fortolotti 536 Table 3 . Fatty acid pro®les (%w/w) of yolk phospholipid of the king eider Somateria spectabilis (n = 8 eggs), lesser scaup Aythya af®nis (n = 5), mallard Anas platyrhynchos (n = 3), green-winged teal Anas crecca (n =3) and gadwall Anas streperi G. Clark, pers. comm.) . It seems, however, that the proportion of grain in the mallards' diet is not suf®cient to displace the yolk's polyunsaturate pro®le away from the pattern common to wild ducks. Grain is far less likely to be eaten by the other four species (R. G. Clark, pers. comm.), particularly the king eider which occupies a totally different habitat. Although the diets of different avian species display an almost unlimited range of polyunsaturate pro®les, it is likely that the particular requirements of the embryonic tissues for essential fatty acids such as ARA and DHA will show little interspecies variation Speake & Surai, 2000) . In situations where diversi®cation and speciation are accompanied by the adoption of new dietary strategies, changes in the pattern of fatty acids provided by the diet may require adaptations, either in the female parent or the embryo (or both), to re-establish the synchrony between the dietary supply and the embryonic demand for particular polyunsaturated fatty acids. For example, the ®sh-based diet of the king penguin provides a vast excess of DHA but very little ARA. Metabolic events in the female penguin during vitellogenesis result in the preferential delivery of ARA to the egg while reducing the incorporation of DHA, thus producing a yolk fatty acid pro®le which is at least partly better attuned to the needs of the embryo. Further adaptations are then expressed by the embryo of the penguin to ensure that the tissues acquire adequate ARA while avoiding the excessive incorporation of DHA (Decrock et al., 2001) .
It may be suggested that the common ancestor of the ducks of the present study produced eggs with a similar fatty acid composition to those reported herein, probably resulting from previous trade-offs between diet and maternal and embryonic metabolic capabilities. In response to subsequent diversi®cation and changes in dietary fatty acid pro®les, adaptations of maternal metabolism, in the ef®ciency of incorporation of different fatty acids into yolk lipids, were elaborated to maintain a fairly constant polyunsaturate pattern in the yolk, thus avoiding the need for compensatory adaptations by the embryo. Of course, other avian lineages may have adopted the opposite strategy, allowing the fatty acid pro®le of the yolk to re¯ect that of the diet, thus deferring the homeostatic responsibility to the embryonic period. Probably in many instances, such evolutionary changes will have involved both maternal and embryonic adaptations.
It is therefore suggested that the maternal metabolism of a given species of duck has been shaped by evolution to convert the expected pattern of dietary fatty acids into the yolk polyunsaturate pro®le, which may be common to this avian family. This carries the implication that the provision to breeding birds of a diet which contains a very different pattern of fatty acids to that normally encountered in the wild could severely distort the yolk's polyunsaturate composition away from the natural signature for this species. It is, therefore, noteworthy that domestic ducks Anas platyrhynchus, fed on grain-based diets, synthesize egg lipids that are highly enriched with ARA but possibly de®cient in DHA. Thus, in the yolk phospholipid of commercially raised ducks, ARA forms up to 15% (w/w) of fatty acids whereas DHA forms c. 1% Surai, Speake, Noble et al., 1999) . This imbalance raises the possibility that eggs of the domestic duck, in contrast to those of their wild counterparts, may be unable to supply the embryonic brain with suf®cient DHA to promote optimal neurological development. Pertinently, the embryonic brain of the domestic duck was found to contain a much lower proportion of DHA than those of various wild birds Speake & Surai, 2000) . Whether the relatively low level of DHA in the developing brain of the domestic duck has any relevance to commercial production, in terms of hatchability and post-hatch viability or behaviour, remains to be ascertained. It is clear, however, from the present study that the great disparity between the ARA and DHA levels in eggs of captive ducks is not a natural feature of the family Anatidae but most probably represents an aberration resulting from the provision of commercial feeds. Such proprietary grain-based feeds provide 18:2n-6 as the main polyunsaturate and display a high ratio of n-6 to n-3 fatty acids Surai, Speake, Noble et al., 1999) . In contrast, the natural diets selected by the ducks of the present study are likely to provide varied mixtures of n-6 and n-3 polyunsaturates which, although differing in composition between the species, are modulated by maternal metabolism to enforce a yolk fatty acid pro®le which may, with some variation, be typical of ducks in general.
